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Recombination by Replication Minireview
Tokio Kogoma resolution of the Holliday junctions (step vii; only one of
the four possible modes of resolution is shown) andDepartment of Cell Biology
completion of the round of replication (step viii) shouldDepartment of Microbiology
yield a recombinant and recipient chromosome. Al-Cancer Research and Treatment Center
though this replicative mode of recombinant formationUniversity of New Mexico Health Sciences Center
was first suggested by Smith (1991) on theoreticalAlbuquerque, New Mexico 87131
grounds and was supported by the pioneering work of
Stahl and coworkers (e.g., Stahl et al., 1972), serious
consideration of such a possibility was initiated only
Chromosome replication and homologous recombina-
recently by a seminal observation that E. coli is capable
tion, two of the most fundamental cellular processes,
of initiating DNA replication on homologous recombina-
have traditionally been studied separately mainly be- tion intermediates.
cause both processes are very complex. Consequently, Recombination-Dependent DNA
although the two processes can occur concurrently, the Replication in E. coli
extent of their interaction is largely unknown. A recently
The SOS response to DNA damage activates a normally
reported series of experiments, however, points to the repressed mode of DNA replication (referenced in Ko-
presence of strong interdependence between the two goma et al., 1996). This DNA damage-inducible replica-
activities. Three major conclusions can be drawn from tion is clearly different from ordinary chromosome repli-
these experiments: one, DNA replication can be initi- cation because it can dispense with the normally
ated in E. coli cells in a manner that is dependent on required initiation factors such as DnaA protein and the
the homologous recombination function; two, this re- oriC site, but instead requires RecA and RecBCD activi-
combination-dependent DNA replication requires the ties. The requirement for RecA and RecBCD led to the
replication priming protein, PriA; and three, mutational hypothesis that during SOS induction double-stranded
inactivation of PriA protein, which abolishes recombina- breaks are introduced in the chromosome and the ends
tion-dependent replication, blocks recombinant forma- generated are processed by RecBCD to yield 39 single-
tion. These observations have forced reevaluation of the stranded ends. Assimilation of theends into the homolo-
conventional models of homologous recombination and gous regions of an intact chromosome would result in
led to a drastically different view of recombinant forma- two D loops, from which DNAreplication can be initiated.
tion: recombinants can be generated by a mechanism This hypothesis was directly tested by artificially gener-
involving extensive DNA replication. This article discus- ating a double-stranded break at a phage l cos site
ses the replicative homologous recombination model placed on a plasmid and by monitoring plasmid replica-
and reviews the recent findings that have culminated in tion under conditions that inhibited initiation at the plas-
the formulation of the model. mid replication origin (Asai et al., 1994). Expression of
The illustration in Figure 1 contrasts the replicative l terminase,which cleaves at cos and generates double-
homologous recombination scheme (route B) and a pre- stranded breaks, indeed elicited plasmid replication that
vailing model of recombinant formation (route A) in E. depended on RecA and RecBCD. A crucial observation
coli. In all current models of homologous recombination, was that even in cells not induced for SOS, recombina-
the process is thought to be initiated with invasion of a tion-dependent plasmid replication could occur when
duplex DNA molecule by a single-stranded end of an- the plasmid also contained a Chi sequence (Asai et al.,
other molecule. In E. coli cells, ends of double-stranded 1994). The Chi sequence attenuates RecBCD and thus
DNA are recognized and processed by RecBCD enzyme protects DNA from the degradative nuclease activity of
to yield invasive single-stranded DNA with 39 ends (Fig- the enzyme (referenced in Eggleston and West, 1996).
ure 1, step i) (reviewed by Eggleston and West [1996]). Since Chi sites are found frequently in the chromosome,
The 39 ends are assimilated into a homolog by RecA, the ends of donor DNA introduced by P1 transduction or
generating a D loop at each end (step ii). The D loops Hfr conjugation should readily trigger replication, raising
develop into Holliday junctions by a process involving the possibility that the donor DNA is incorporated into
branch migration (steps iii and iv). Subsequent proper the recipient chromosome by replication.
resolution of the Holliday junctions leads to integration PriA-Mediated Priming at D Loops
of the donor fragment into the recipient chromosome How can DNA replication be initiated on recombination
(step v). In this scheme (Figure 1, route A), recombinants intermediates? Although the details of the mechanism
can be generated with no or very limited involvement have yet to be worked out, the available evidence
of DNA replication. The recent finding that the DNA rep- strongly suggests that PriA-catalyzed primosome as-
lication priming protein, PriA, is required for both re- sembly triggers the creation of a replication fork at the
combination-dependent replication and homologous D loop. Initiation of duplex DNA replication necessitates
recombination suggests an alternative scheme for re- loading of the DnaB helicase onto single-stranded DNA
combinant formation, i.e., the possible assembly of re- and synthesis of RNA primers for lagging-strand DNA
plisomes in the D loops (Figure 1, route B). The repli- synthesis. This process can be accomplished by a
somes assembled at both ends of the double-stranded mechanism involving PriA and several other proteins
DNA fragment would replicate the remainder of the chro- (Figure 2) (reviewed by Masai and Arai, 1996). PriA pro-
tein binds to single-stranded DNA in the melted regionmosome in the opposite directions (step vi). Subsequent
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loading of the DnaB helicase and DnaG primase. Impor-
tantly, the priA null mutation that blocks the first step
of this process was found to completely inhibit recombi-
nation-dependent DNA replication (Masai et al., 1994).
A mutant PriA protein (K230R) has been engineered that
is deficient in the ATPase and helicase activities that
are associated with wild-type PriA protein and yet is
capable of mediating assembly of an active primosome
in vitro (Zavitz and Marians, 1992). This mutant PriA
protein was found to be proficient in primosome assem-
bly to initiate recombination-dependent replication in
vivo (Kogoma et al., 1996). Therefore, the function of
PriA that is essential for recombination-dependent repli-
cation is primosome assembly. It is very likely that PriA-
mediated primosome assembly loads the DnaB helicase
onto the exposed single-stranded DNA within a D loop
(Figure 2). The primosome subsequently primes lagging
strand synthesis that is carried out by a replisome. The
invading single-stranded DNA with a 39 end may be used
to initiate leading strand synthesis (Figure 2).
PriA is Required for Homologous Recombination
The priA null mutations, which block recombination-
dependent replication, were found to reduce the P1
transduction frequency by 20- to 50-fold (Kogoma et
al., 1996; Sandler et al., 1996). The priA mutations also
adversely affect recombinant formation in Hfr conjuga-
tion (Kogoma et al., 1996). Thus, priA null mutants are
Figure 1. Models for Homologous Recombination recombination deficient. A plasmid that expresses the
PriA(K230R) mutant protein can restore near wild-type
levels of P1 transduction to priA null mutants, indicating
that homologous recombination in P1 transduction re-of a DNA duplex. What feature(s) of the recombination
quires the primosome assembly function of PriA (Ko-intermediate PriA protein recognizes in order to bind is
goma et al., 1996; Sandler et al., 1996). This contentionnot clear at present (discussed in Masai et al., 1994).
is further supported by the studies of extragenic sup-This is followed by a series of reactions that result in
pressors of priA null mutations, which suggest that mu-
tational alterations in other factor(s) of the primosome
assembly reaction can compensate for the lack of PriA
protein. Although the priA null mutation is not lethal,
priA mutants exhibit a variety of ailments. For example,
they are hypersensitive to UV light and sensitive to
growth in nutritionally rich media such as Luria broth.
Extragenic suppressors of the UV sensitivity of priA null
mutants were isolated and found to suppress the Rec2
phenotype. Strikingly, all suppressor mutations were
found to map within the dnaC gene (Sandler et al., 1996).
Similarly, an extragenic suppressor (spa-47) of the rich
medium sensitivity of a priA null mutant was also shown
to suppress the Rec2 phenotype and was mapped to
within or very close to dnaC (Kogoma et al., 1996). Since
dnaC and dnaT constitute an operon, spa-47 could be
a mutation in either gene. It appears, therefore, that the
suppressor mutations caused changes in the structure
of DnaC or DnaT protein, a component of the primosomeFigure 2. PriA-Mediated Priming at D Loop
assembly reaction, and these changes permittedA D loop is formed upon invasion of duplex DNA (thin lines) by a
assembly of active primosomes at the D loops in thesingle-stranded DNA tail (thick lines). The reaction catalyzed by
complete absence of PriA. Consistent with this, DnaCPriA and DnaT (and possibly PriB and PriC) proteins loads a DnaB
hexamer (thick arrow) from a DnaB±DnaC complex onto the single- and DnaT were previously demonstrated to be essential
stranded DNA, and subsequent addition of DnaG primase (shaded for recombination-dependent replication (referenced in
circle) completes formation of a primosome (step i). Replisome as- Masai et al., 1994).
sembly follows and the primosome synthesizes the first RNA primer Homologous Recombination and Double-Stranded(wavy line) and Okazaki fragment synthesis begins (broken line).
Break Repair Are Identical ProcessesThe invading 39 end may prime leading strand synthesis (step ii).
priA null mutants are also hypersensitive to agents thatSmall arrowheads indicate the 39 ends of DNA strands. (Modified
from figure 7 in Asai et al., 1994.) cause double-stranded breaks (Kogoma et al., 1996).
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Introduction of the PriA(K230R)-expressing plasmid or indicating the presence of other modes of homologous
recombination that do not require extensive DNA repli-the spa-47 mutation alleviates the hypersensitivity
cation. These nonreplicative modes of recombinationgreatly. Therefore, double-stranded break repair also
could account for the multiple crosses seen within arequires the primosome assembly function of PriA. The
given stretch of thechromosome. Nevertheless, a major-requirement of the PriA primosome function for double-
ity of recombinants appear to be formed by the replica-stranded break repair, together with the expectation
tive recombination mode in E. coli. Strong interdepen-that ends generated by double-stranded breaks readily
dence has also been documented for bacteriophage T4trigger recombination-dependent replication, led to the
DNA replication and homologous recombination pro-proposal that DNA synthesis initiated at D loops is also
cesses. In T4-infected cells, DNA replication can be initi-involved in double-stranded break repair (Kogoma et
ated from a recombination intermediate and such repli-al., 1996). Thus, the ends at a double-stranded break
cation results in generation of recombinant moleculesare processed by RecBCD leading to a double-stranded
(reviewed by Kreuzer and Morrical, 1994). Under certaingap. Just as in the replicative recombination scheme
circumstances, plasmid replication can occur in a re-(Figure 1, route B), the D loops formed at both ends
combination-dependent manner in bacteria (Viret et al.,would be primedfor DNA synthesis. Subsequent replica-
1991).tion completes the repair (Smith, 1991; Kogoma et al.,
In yeast and mammalian cells, there is evidence that1996). It should be stressed that in these schemes of
ends generated by double-stranded breaks can ini-homologous recombination and double-stranded break
tiate or stimulate homologous recombination (Thalerrepair, the two processes are identical. The only differ-
and Stahl, 1988). Transient meiosis-specific double-ence is the extent of replication required to complete
stranded breaks are known to occur at many locations
the process. Thus, in recombination, the remainder of
in the yeast genome, which may initiate meiotic homolo-
the chromosome must be replicated to yield recombi-
gous recombination (Schwacha and Kleckner, 1995
nants whereas in double-stranded break repair DNArep- and references therein). Furthermore, double-stranded
lication is limited to filling the gap generated by RecBCD break repair is implicated in immunoglobulin gene re-
processing. combination in mice and humans (Jeggo et al., 1995).
Double-Stranded Break Repair and the Thus, homologous recombination triggered by double-
recA polA Lethality stranded breaks appears to be a widespread strategy
The double-stranded break repair process involving for the generation of genetic diversity and repair of dam-
DNA replication initiated at D loops not only repairs aged DNA. Evidence suggests that DNA synthesis might
the break but also generates an active replication fork. be involved in immuloglobulin class switch recombina-
Therefore, this mode of double-stranded break repair is tion (e.g., Dunnick et al., 1993). Whether homologous
ideally suited for repairing a collapsed replication fork recombination and double-stranded break repair in euk-
(Asai et al., 1994; Kuzminov et al., 1994). Such repair of aryotic cells generally involve extensive DNA replication
a collapsed replication fork has been proposed for the remains to be seen.
essential roles of RecA and RecBCD in the absence of
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